Background: A large volume of literature has shown negative associations between stunting and child development;
Introduction
In 2004 an estimated 219 million children under 5 y of age residing in developing countries did not meet their development potential (1) . Suboptimal cognitive, language, and motor development may occur as a result of a combination of biological and psychosocial risk factors, which are often caused or exacerbated by poverty in developing country settings (2, 3) . These developmental deficits may persist throughout childhood and lead to poor schooling achievement and subsequent reductions in lifetime earnings (4, 5) . As a result, alleviating early life adversity and corresponding developmental setbacks is currently being considered as one of the new sustainable development goals and may also support reaching long-term health and poverty reduction goals (6) .
A growing body of evidence from cross-sectional and prospective studies has shown that stunting [height-for-age z score (HAZ) 12 <22], an indicator of chronic malnutrition, is associated with reduced cognitive and motor development (7) . In contrast, there is limited evidence regarding the independent association between wasting [weight-for-height z score (WHZ) <22], an indicator of acute malnutrition, and child development. Studies that thoroughly examine the shape of the relation between HAZ, WHZ, and other nutritional indicators across their distribution and child development are lacking. It is essential to determine whether mild forms of growth faltering are associated with suboptimal child development for the design of intervention trials and for studies that use linear growth faltering as a proxy for delay in other domains of child development (1) .
Despite the large volume of literature linking malnutrition to developmental deficits, there is comparatively limited evidence on the association between known risk factors for malnutrition and child development (8) . Multiple studies have linked preterm birth and intrauterine growth restriction with developmental deficits in high income settings; however, data from low-and middle-income countries are much more limited (9, 10) . To our knowledge, no studies have assessed the association between small-for-gestational-age (SGA) births and child development in the African context. Furthermore, no studies, to our knowledge, have examined the observational association between maternal height, water quality, and sanitation and child development in any low-and middle-income setting, despite their wellestablished links with malnutrition (11, 12) . Determining the relation between underlying causes of malnutrition and child development is urgently needed to inform future intervention trials and studies looking to improve child growth and development concurrently.
In this study, we examined the cross-sectional relation between child anthropometry and cognitive, communication, and motor development in a cohort of Tanzanian infants at 18-36 mo of age. We hypothesized that mild forms of growth faltering are associated with significant but smaller delays in child development compared with stunting. In addition, to address the significant research gap on the relation between underlying causes of malnutrition and child development, we prospectively examined the relation between maternal, delivery, and child factors commonly associated with linear growth faltering and child development.
Methods
Study design and data collection. This study used data from a cohort of children who were enrolled in a randomized, double-blind controlled trial of neonatal vitamin A supplementation conducted in Tanzania from August 2010 to March 2014 (13) (ACTRN12610000636055). Trial recruitment and data collection procedures have been presented elsewhere, but are summarized here briefly (13, 14) . The trial participants included newborns in the Morogoro region of Tanzania, within the Ifakara Health InstituteÕs Health and Demographic Surveillance System, which covers ;2400 km 2 , to allow for enrollment of infants born at a health care facility or at home. Newborns were eligible for random assignment if they were able to feed orally, were born within the previous 72 h, were not already enrolled in other clinical trials, if their family intended to reside in the study area for $6 mo postdelivery, and if their caregivers provided written informed consent. Trained study staff administered a baseline questionnaire to mothers in order to collect demographic, socioeconomic, and environmental information, as well as the date of each motherÕs last menstrual period (LMP). Study staff also measured birthweight with the use of calibrated scales that had digital screens.
Additional follow-up for trial participants with a focus on child development was conducted during the period from February to October 2014. Children were selected for participation in the follow-up study if they lived in Ifakara town or surrounding villages, if they were 18-36 mo of age at the time of assessment, and if the caregiver consented to participate. Selected children and their caregivers were contacted at home, and those who provided informed consent were invited to central health clinics for child development and anthropometric assessment.
At the clinic, trained female research nurses administered an adapted and translated (Swahili) version of the Bayley Scales of Infant Development III (BSID-III), including the cognitive, expressive language, receptive language, fine motor, and gross motor subscales (15) . To ensure cultural appropriateness, 30 BSID-III items (13%) were adapted based on consensus of a local panel of child development experts. Adaptations included the replacement of unfamiliar images or terminology with more culturally relevant stimuli (e.g., changing a picture of an apple to a banana or redrawing cartoon images of white children in Western clothing to show black children in local attire). To maintain functional equivalence, replacement stimuli were selected to be of similar size, style, and complexity to the original stimuli. An additional 2 items on masculine/feminine pronoun usage (i.e., his compared with her) were removed from the BSID-III communication subscale because of their nonapplicability to the Swahili language. All BSID-III materials were translated and checked by local bilingual staff before field administration. A total of 4 research nurses were selected as data collectors based on quantitative performance evaluations from a pool of 6 who had completed a 3 wk training period. Biweekly field-based supervision and weekly staff meetings were used to prevent assessor drift and ensure continued quality of implementation. Overall, the adapted BSID-III showed adequate inter-rater reliability at the end of the training period (k = 0.75-0.82 across subscales) and adequate internal consistency (a = 0.90-0.92 across subscales).
Length of children <24 mo of age was measured to the nearest 0.1 cm with the use of a length board (Seca) and height of children $24 mo was measured to the nearest 0.1 cm with the use of a portable stadiometer (Seca). Weight was measured to the nearest 0.1 kg with the use of a digital scale (Seca). HAZ, WHZ, and weight-for-age z score (WAZ) were calculated with the use of WHO child growth standards (16) . At the clinic visit, we did not test the mother or child for HIV infection; as a result, the HIV-infection and exposure status of all study children is unknown. In the home, interviewers administered 6 yes or no response items from UNICEFÕs Multiple Indicator Cluster Survey Early Child Development module regarding childrenÕs opportunities for cognitive stimulation within the home (17). A stimulation score was then created by summing the ''yes'' responses to the 6 items, with a score of 0 indicating low levels of cognitive stimulation and 6 indicating high levels of cognitive stimulation.
Statistical methods. This study was restricted to 1036 children with BSID-III data at 18-36 mo of age. BSID-III scores were analyzed for the 3 developmental subscales of the BSID-III: 1) cognition, 2) communication (comprising expressive and receptive communication skills), and 3) motor (comprising fine and gross motor skills). BSID-III raw scores by subscale were normalized into z scores, which facilitates comparability with other studies that use other child development assessment tools (7) .
We examined the cross-sectional association between child HAZ, WHZ, and WAZ and BSID-III cognitive, communication, and motor z scores at 18-36 mo of age with the use of linear regression models to assess standardized mean differences (SMDs) in child development per 1 SD change in anthropometry z score. In order to first inform the shape and correct categorization of HAZ, WHZ, and WAZ variables, restricted cubic splines were used to assess the possible nonlinear relations nonparametrically (18) . Knots were placed every 0.5 z scores across the full range of observed HAZ, WHZ, and WAZ distributions. Tests for nonlinearity used the likelihood ratio test, comparing the model with only the linear term to the model with the linear and the cubic spline terms. The spline analysis indicated that HAZ and WAZ were best modeled linearly for all child development outcomes. WHZ exhibited a significant nonlinear relation with BSID-III scores and was best captured dichotomously, with wasting defined as a WHZ $2 SDs below the WHO reference population median. Multivariate analyses for HAZ and wasting also included infant sex, infant age (in 2 mo categories), BSID-III assessor (n = 4), baseline maternal education (none/some primary, completed primary, or secondary), wealth index quintile, cognitive stimulation [High (top 25%) compared with low/medium (lowest 75%)], and randomized regimen (vitamin A or placebo). The wealth index quintile was defined by the first principal component of household assets and characteristics (bicycle, radio, mobile phone, television, motorcycle, car, or animal ownership; electricity; and roof type). Because of collinearity, models examining WAZ included these covariates but did not include HAZ and wasting.
Next, we performed a prospective cohort analysis examining the association between pregnancy factors and child development by linking data collected in the original trial with the follow-up data collected at 18-36 mo. We used linear regression models to calculate SMDs in BSID-III z scores for maternal factors including maternal age (<20, 20-30, or >30 y), maternal education (none/some primary, completed primary, or secondary), wealth quintile, maternal height (<150 cm, 150-155 cm, or >155 cm), and parity (first born, 2nd-4th birth, or $5th birth). Multivariate models for maternal factors also included infant sex, infant age, BSID-III assessor, and randomized regimen. Delivery (preterm, low birth weight, etc.) and child anthropometry (HAZ, wasting, and WAZ) variables were not included in pregnancy models, because these factors are potential downstream mediators and adjustment for these factors will produce biased results.
Similarly, we performed a prospective analysis of the association between delivery and child characteristics and child development. Linear regression models were used to calculate SMDs in z-scored BSID-III scores for child sex, low birth weight (LBW), preterm birth, SGA, sanitation, and water quality. Gestational age was calculated from maternal report of date of LMP and preterm birth was defined as <37 wk gestation. SGA was defined as birth weight <10th percentile for gestational age and sex with the use of International Fetal and Newborn Growth Consortium (INTERGROWTH) standards, AND LBW was defined as a birth weight of <2500 g (19) . Sanitation quality was dichotomized as flush toilet compared with no flush toilet, whereas water quality was classified as improved or unimproved based on Joint Monitoring Program definitions (20) . Multivariate models included adjustment for potential confounding factors including infant sex, infant age, BSID-III assessor, randomized regimen, maternal age at delivery, maternal education, wealth quintile, maternal height, and parity. Preterm and SGA were included in multivariate models together, whereas LBW was included alone because of overlap of these characteristics. As a supplemental analysis, we also present the association between all maternal, delivery, and child characteristics and HAZ. Because of the relatively high rate of nonattendance at the BSID-III clinic visit-a total of 1943 of 2979 children selected for participation did not attend a clinic visit (65.2%)-we also present a sensitivity analyses for maternal, delivery, and child characteristic analyses with the use of marginal structural models with stabilized inverse probability weights to account for censoring (21) . P-trend in categorical analyses were calculated by treating the median value of each category as a continuous variable. Missing data were retained with the use of the missing indicator method. All P values were 2-sided with a P < 0.05 considered statistically significant. Statistical analyses were performed with the use of SAS v9.4.
Ethics. The institutional review boards of the Harvard School of Public Health, Ifakara Health Institute, and National Medical Research Coordinating Council of Tanzania approved the parent trial and the extended follow-up study. The WHO Ethical Review Committee also approved the parent trial protocol.
Results
A total of 1036 caregiver-child pairs attended a clinic visit for assessment of child development at 18-36 mo of age. Characteristics of children who attended the clinic visit for development assessment compared with children who did not attend are presented in Supplemental Table 1 . Mother-infant pairs who participated in the study tended to have slightly lower maternal education and lower socioeconomic status, and were more likely preterm compared with nonparticipants. Despite statistical significance, these differences were small, which indicates a low risk of substantial nonresponse bias. Nevertheless, we examined the potential impact of censoring on estimates in a sensitivity analysis with marginal structural models. Pregnancy, delivery, and child characteristics of the study population are presented in Table 1 . The mean 6 SD maternal age was 26.3 6 7.2 y, most mothers completed primary school (82.0%), and the mean 6 SD maternal height was 154.0 6 5.9 cm. As for delivery characteristics, 16.9% of the child participants were LBW, 17.8% were preterm, and 17.6% were SGA. The mean HAZ of children at 18-36 mo was 21.64 6 1.10, with 36.2% of children classified as stunted, the mean WHZ was 0.27 6 1.08, with 4.5% of infants exhibiting wasting, and the mean WAZ was 20.67 6 0.98, with 9.0% classified as underweight. Mean BSID-III raw scores by subscale at 18-36 mo of age also are presented in Table 1 . HAZ had a linear relation with all 3 developmental subscales (all P values for linear relation <0.05) (Figure 1) . In contrast, the relation between WHZ and cognitive, communication, and motor development was nonlinear, with significant deficits seen at WHZ <21.5 (all P values for nonlinear relation <0.05) (Figure 2) . Based on the shape of the WHZ relation and for comparability, we dichotomized WHZ with the use of the WHO definition of wasting (WHZ <22) in subsequent models. The WAZ had a significant linear relation with the 3 developmental domain scales (all P values for linear relation <0.05) (Figure 3) .
We also produced SMD estimates in BSID-III domain z scores for cross-sectional HAZ, wasting, and WAZ at 18-36 mo of age ( Table 2) . Each unit increase in HAZ was associated with +0.09 (95% CI: 0.05, 0.13), +0.10 (95% CI: 0.07, 0.14), and +0. Next, we examined the prospective association between maternal, delivery, and child factors during the first 1000 d of life and BSID-III z scores at 18-36 mo of age. Associations between pregnancy characteristics and child development indicators are presented in Table 3 . In a multivariate analysis, significant predictors of cognitive z scores were greater wealth (P-trend: 0.04) and decreased maternal stature (P-trend: 0.04). Greater wealth was the only maternal predictor significantly associated with communication z score (P-trend: 0.03). Decreased maternal stature was the only pregnancy factor significantly associated with child motor z score (P-trend < 0.01). The association between delivery and child characteristics and BSID-III z scores is presented in Table 4 . Being born SGA was significantly associated with a 20.16 (95% CI: 20.30, 20.01) z score deficit in cognitive development. Independent of wealth quintile, use of flush toilets during childhood was associated with significantly higher cognitive (P = 0.047) and motor z scores (P = 0.03). The associations between maternal, delivery, and child factors and HAZ at 18-36 mo are presented in Supplemental Table 2 . Socioeconomic status, maternal height, and SGA were significantly associated with HAZ. In sensitivity analyses that used marginal structural models with stabilized inverse probability weights to account for censoring, we found nearly identical point estimates for all maternal, delivery, and child factors (Supplemental Tables 3 and 4).
Discussion
In this study, we found a robust negative association between malnutrition and cognitive, communication, and motor development at 18-36 mo, but found no evidence that these associations were limited to children with stunting. In spline analyses, HAZ and WAZ were linearly associated with all 3 developmental subscales, whereas WHZ exhibited a nonlinear relation with only children experiencing wasting (WHZ <22) having across-domain deficits. We also determined from a prospective analysis that known determinants of malnutrition, including wealth, maternal height, SGA, and flush toilet sanitation, were significant predictors of child development.
Our findings that both HAZ and WAZ were significantly associated with cognitive, communication, and motor development FIGURE 1 Linear relations between HAZ and cognition (A), communication (B), and motor (C) BSID-III scores after multivariate adjustment for infant sex, infant age, maternal education, wealth quintile, stimulation tertile, BSID-III assessor, randomized regimen, and wasting; n = 1036. All P , 0.01 for linear relation. Graphs show z score prediction for girls aged 26-28 mo, mother completed primary school, third wealth quintile, middle stimulation tertile, BSID-III assessor no. 2, received placebo, and nonwasted. BSID-III, Bayley Scales of Infant Development III; HAZ, height-for-age z score.
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scores corroborates a large base of observational evidence that links chronic malnutrition with cognitive and motor development deficits (7) . Nevertheless, few studies have examined the shape of the HAZ and WAZ relations with development. Our study determined a significantly linear relation between HAZ and WAZ and developmental outcomes for cognitive, communication, and motor domains that extended to z scores >22 and even >0. Because of the low prevalence of acute malnutrition in the study population, it was expected that WAZ, an indicator of chronic and/or acute malnutrition, would parallel the HAZ findings. Our HAZ results suggest that children experiencing mild forms of linear growth faltering, not just those classified as stunted, may experience suboptimal developmental outcomes. The leading biological mechanism potentially explaining this relation is that early exposure to malnutrition and infection produces simultaneous growth faltering and deficits in neuronal growth, pruning, and connectivity within regions of the brain associated with motor functioning, memory, learning, and higher order cognition (22, 23) . Children with malnutrition may also experience a reduced ability to engage their environments or a lack of responsiveness by caregivers, referred to as the functional isolation hypothesis (24) . In this study, we were primarily interested in the biological effect of malnutrition on child development; as a result, we controlled for concurrent child stimulation to limit the impact of functional isolation on estimates.
We determined in this cross-sectional analysis that mild growth faltering is associated with development deficits in Tanzanian children at 18-36 mo, but studies examining the long-term relation between mild growth faltering in early childhood and development in late childhood and adolescence are needed. Long-term follow-up studies examining the relation between stunting or severe growth faltering and development have found mixed results (25, 26) . In addition, very few children in our study population had HAZ >1, and additional studies are needed to determine whether a linear relation extends to HAZ >1. Some studies in well-nourished populations have found small or no association between HAZ and development, which may be because a significant proportion of participants have HAZ >1, a section of the HAZ distribution in which the magnitude of association may be reduced (27, 28) .
Two studies have examined the independent association between wasting or WHZ and child development after adjustment for HAZ or stunting (29, 30) . Similar to our findings, a study of HIV-infected infants in Tanzania found that wasted infants had a psychomotor development deficit of 20.59 z scores and a 20.47 z score deficit in mental development after multivariate adjustment that included HAZ (29) . Nevertheless, our wasting results need to be interpreted with caution, because only 15 infants experienced wasting. It is also unclear whether the cross-sectional relation between wasting and developmental deficit is a result of a true development deficit or if these infants did not have the energy or concentration to complete developmental assessment tests as a result of their acute malnutrition. A prospective study by Berkman et al. (30) found no association between weight-forlength z score or wasting (weight-for-length z score <22) during infancy and Wechsler Intelligence Scale for ChildrenRevised scores at 9 y of age in Peruvian children. Additional evidence is needed to determine whether there are long-term developmental deficits associated with wasting during childhood, as well as whether treatment of severe and moderate acute malnutrition improves child development.
We also determined that maternal, delivery, and child factors that are classically associated with linear growth faltering and wasting are also associated with child development (8, 11, 12, 30) . We noted that SGA infants had significantly reduced cognitive scores. Multiple observational studies in settings in developed countries have reported that SGA infants have lower cognitive and schooling achievement compared with non-SGA infants, but evidence from developing countries is more limited (31, 32) . In a study of Guatemalan infants, SGA infants had decreased developmental scores compared with full-term normal-weight infants at 24 mo and 3 y of age (33) . Furthermore, one study of term LBW infants and another examining LBW infants with adjustment for gestational age also support our finding that Ref.
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Ref. intrauterine growth restriction is associated with child development deficits (34, 35) . A limitation of our analysis is that preterm and SGA were defined by maternal report of LMP at entry into the trial, which likely led to some misclassification. Nevertheless, errors in maternal report of LMP at trial enrollment likely are not systematically related to child development scores and, as a result, would lead us to underestimate the association between SGA and preterm and developmental outcomes. We also determined that shorter maternal height and nontoilet sanitation were associated with cognitive and motor development deficits. To our knowledge, this is the first study to independently link maternal stature to cognitive and motor development during early childhood. Similarly, studies have found that diarrhea during infancy is associated with developmental setbacks (36) (37) (38) , but the effect of water, sanitation, and hygiene differences on child development has not been noted previously. Nevertheless, because of the potential of residual confounding due to the strong link between improved sanitation and greater socioeconomic status, we may be overestimating the association between flush toilet access and child development. As a result, water, sanitation, and hygiene intervention trials including long-term child development follow-up are needed.
Overall, chronic and acute malnutrition independently are associated with cognitive deficits, communication, and motor development in Tanzanian infants. HAZ exhibited a linear relation with child development, with incremental improvements in developmental scores for HAZ >22 and even >0. As a result, the most recent global estimate that 219 million children did not reach their developmental potential in 2004, which used stunting as a proxy for developmental delay, may be a significant underestimate (2) . Millions of children with milder forms of linear growth faltering also may not be fulfilling their development potential. A multitude of risk factors and effective interventions that improve linear growth and prevent wasting are known (20) , but for the majority of these, the impact on child development remains understudied. A few trials of energy supplementation have found improved cognitive development for undernourished children or those at high risk of malnutrition, but other trials have found no effect (39, 40) . Existing evidence suggests that enhancements in the areas of parent training, cognitive stimulation, and violence prevention are needed to strengthen the impact of nutritional interventions on child development (41) . Furthermore, our finding that pregnancy, delivery, and child factors were associated with both malnutrition and child development indicate the need to examine the effect of approaches that span preconception through early childhood. Randomized controlled trials of high-impact and comprehensive approaches and packages to reduce malnutrition and promote child development are urgently needed.
